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The cellular response to hydrogen peroxide (H,O,) is characterized by a repression of growth-related
processes and an enhanced expression of genes important for cell defense. In budding yeast, this response
requires the activation of a set of transcriptional effectors. Some of them, such as the transcriptional activator
Yapl, are specific to oxidative stress, and others, such as the transcriptional activators Msn2/4 and the
negative regulator Mafl, are activated by a wide spectrum of stress conditions. How these general effectors are
activated in response to oxidative stress remains an open question. In this study, we demonstrate that the two
cytoplasmic thioredoxins, Trx1 and Trx2, are essential to trigger the nuclear accumulation of Msn2/4 and
Mafl, specifically under H,O, treatment. Contrary to the case with many stress conditions previously de-
scribed for yeast, the H,0,-induced nuclear accumulation of Msn2 and Mafl does not correlate with the
downregulation of PKA kinase activity. Nevertheless, we show that PP2A phosphatase activity is essential for
driving Mafl dephosphorylation and its subsequent nuclear accumulation in response to H,O, treatment.
Interestingly, under this condition, the lack of PP2A activity has no impact on the subcellular localization of
Msn2, demonstrating that the H,O, signaling pathways share a common route through the thioredoxin system

and then diverge to activate Msn2 and Mafl, the final integrators of these pathways.

The Saccharomyces cerevisiae response to stress conditions
involves a genome-wide reprogramming of gene expression
that leads to the repression of growth-related processes and to
the rapid induction of cellular protection mechanisms (5, 17).
Stress-protective genes have been classified into those that are
specifically induced in response to a given stress (e.g., heat,
osmotic or acidic shocks, oxidative stress, DNA damage, or
nutrient starvation) and those that are induced under all stress
conditions. The latter ones are part of the so-called environ-
mental stress response (ESR) cluster (5, 17). The mechanisms
of these transcriptional modifications are complex and remain
poorly understood, although several effectors have been iden-
tified. In particular, the transcription factors Msn2 and Msn4
(Msn2/4) are key players of the response to stress since they
regulate many genes of the ESR cluster (5, 17). The conserved
Mafl protein also has an important role under adverse growth
conditions (8, 34, 35, 47) since it mediates the transcriptional
repression of RNA polymerase III (essentially dedicated to the
transcription of the 5S rRNA and tRNA genes).

Despite the fact that the Msn2/4 transcriptional activators
and the Mafl negative regulator do not share any significant
sequence homology, their behaviors display many similarities
during the stress response, leading to the proposal that obser-
vations on Msn2/4 could provide a paradigm for Mafl (30).
Indeed, both are localized in the cytoplasm under optimal
growth conditions and redistribute into the nucleus in response

* Corresponding author. Mailing address: CEA, IBITECS, SBIGEM,
LBI, Batiment 142, F-91191 Gif-sur-Yvette Cedex, France. Phone: (33) 1
6908 9718. Fax: (33) 1 6908 8046. E-mail: stephane.chedin@cea.fr.

¥ Published ahead of print on 6 July 2009.

1429

to stress conditions (1, 19, 30, 33, 37), and their nuclear export
depends upon the Msn5 nuclear export factor (10, 45). Both
Mafl and Msn2 are direct substrates of the cAMP-dependent
protein kinase A (PKA) (4), and it has been shown that their
regulated nucleocytoplasmic trafficking and transcriptional ac-
tivities are governed by PKA-mediated phosphorylation (3, 19,
30, 42). In particular, under optimal growth conditions, high
PKA activity correlates with the cytoplasmic retention and
negative regulation of both Msn2/4 and Maf1. The implication
of other protein kinase activities in the general response to
stress remains poorly documented except for the Hogl MAP
kinase pathway, which has been shown to be required for
Msn2/4 activation in response to osmotic shock (19, 36, 40).
In yeast, the hydrogen peroxide (H,O,) stress response in-
volves the activation of the general ESR cluster genes (5, 17)
and the specific H,O, stimulon, containing most of the anti-
oxidant enzymes, such as thioredoxins, thioredoxin reductase,
thioredoxin peroxidase (peroxiredoxin), superoxide dismutase,
and cytochrome ¢ peroxidase (18, 21). Thioredoxins are highly
conserved redox enzymes that reduce disulfide bonds by a
thiol-disulfide exchange mechanism with protons donated by
NADPH through the flavoenzyme thioredoxin reductase. S.
cerevisiae carries two cytoplasmic thioredoxins, Trx1 and Trx2,
which are important for DNA synthesis, sulfate assimilation,
and H,O, tolerance due to their role of reducing ribonucle-
otide reductase, 3’-phosphoadenosine 5’-phosphosulfate re-
ductase, and thiol-peroxidases, respectively (for a review, see
reference 44). Trxl and Trx2 have redundant activities, as
shown by the phenotypes of null mutations of their respective
genes. Indeed, strains lacking either TRX7 or TRX2 do not display
any remarkable phenotype, whereas a strain lacking both of
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TABLE 1. Saccharomyces cerevisiae strains

Strain or

description Genotype Reference

YPHO98 MATa ura3-52 ade2-101 lys2-801 trpl1 Al leu2Al 41
trxl A trx2A MATo ura3-52 ade2-101 lys2-801 trpl1 Al leu2Al his3A200 trx1::TRPI trx2::kanMX4 27
trrl A MATao ura3-52 ade2-101 lys2-801 trpl1 Al leu2Al his3A200 trrl::kanMX4 27
trrl A trxI A trx2A MATo ura3-52 ade2-101 lys2-801 trpl Al leu2Al his3A200 trxl::URA3 trx2:kanMX4 trrl::kanMX4 27
tsalA MATa ura3-52 ade2-101 lys2-801 trpl1Al leu2Al tsal::'TRP1 26
pde2A MATo ura3-52 ade2-101 lys2-801 trpl Al leu2Al his3A200 pde2::kanMX4 3

MW671-Cmyc MATo ura3-52 ade2-101 lys2-801 trp1A63 leu2-Al1 his3A200 rpc160::HIS3 MAFI-13myc::kanMX6 34

pC160-240 [TRPI 3HA-RPC160]

AY925 MATa ura3-1 ade2-1 trpl-1 leu2-3,112 his3-11 canl-100 ssdl-d2 12
DEY217 (pp2aA) MATa ura3-1 ade2-1 trpI-1 leu2-3,112 his3-11 canl-100 ssdl-d2 pph22-172::URA3 pph21AI::HIS3 12

pph3AI:LYS2 lys2-953

these genes displays a cell cycle S phase elongation (31), me-
thionine auxotrophy (31), and marked hypersensitivity to H,O,

(16).

How the general effectors Msn2/4 and Mafl are activated in
response to oxidative stress remains an open question. Here we
examined the protein neosynthesis in cells lacking both cyto-
plasmic thioredoxins, Trx1 and Trx2, under H,O, treatment.
We showed that the induction of typical proteins, which are
encoded by genes belonging to the ESR cluster and regulated
by the Msn2/4 transcription factors, is specifically impaired
under H,O, treatment. Microscopy observations reveal that
the cytoplasmic thioredoxins are essential to trigger the nu-
clear accumulation of Msn2/4 and Mafl under H,O, treat-
ment. Interestingly, the H,O,-induced nuclear accumulation of
both transcriptional effectors does not require the downregu-
lation of PKA kinase activity. However, the H,O, signaling
pathways are different for each transcriptional effector, since
protein phosphatase 2A (PP2A) activity is required only for
Mafl nuclear accumulation.

MATERIALS AND METHODS

Strains, plasmids, and growth conditions. Strains used in this study are listed
in Table 1. Strains expressing either the Msn2-green fluorescent protein (GFP)
or Msn4-GFP fusion protein were transformed, respectively, either with the
PAMG plasmid (CEN, LEU2) (19), which encodes the fusion protein Msn2-GFP
(GFP is fused at the C-terminal part of Msn2) under the control of the ADHI
promoter, or with the pGR247 plasmid (23), which encodes the fusion protein
Msn4-GFP. pGR247 derives from pAMG, from which the MSN2 open reading
frame has been replaced by the MSN4 open reading frame.

For two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) and mRNA
Northern blot analyses, cells were grown in SD (synthetic defined) minimal
medium (6.7 g - liter ! yeast nitrogen base, 20 g - liter ! glucose) supplemented
with amino acids plus adenine, uracil, and glutathione (0.5 mM). For microscopy
experiments, cells were transformed with the nonessential pAMG (LEU2) or
pGR247 (LEU2) plasmid and grown in complete supplement mixture (CSM)
lacking leucine (6.7 g - liter ™! yeast nitrogen base, 0.85 g - liter "' CSM-LEU
[Bio 101], 20 g - liter " glucose) to select for the presence of the plasmids. For
pre-tRNA Northern blot and Mafl Western blot analyses, cells were grown in
CASA medium (6.7 g - liter ! yeast nitrogen base, 1 g - liter ! Casamino Acid,
20 g - liter ! glucose). All strains were grown at 30°C except for AY925 and
DEY217, which were grown at 24°C.

2D polyacrylamide gel analysis. Cells were grown to mid-log phase (optical
density at 600 nm [ODg,] = 0.2 to 0.3) prior to being treated or not with H,O,
(0.6 mM) for 15 min. Cells were subsequently labeled with 100 to 200 wCi
[>*S]methionine for 15 min. Cell harvesting, protein extraction, and 2D-PAGE
were performed as described previously (28).

Northern blot analyses. Cells were grown to mid-log phase (ODgyy = 0.2 to
0.3) prior to being treated with H,O, (0.6 mM for mRNA analyses and 0.8 mM
for pre-tRNA analyses) for different periods of time. Total RNAs were phenol

extracted as described previously (25). For mRNA analyses, 20 ug of total RNAs
were separated on a 1.5% agarose gel, and DNA probes were generated by PCR
on genomic DNA with the following oligonucleotides: FW-ACT1, 5'-CAAGAC
ACCAAGGTATCATGG; RV-ACTI1, 5'-TCTTTCAGCAGTGGTGGAGA;
FW-CTT1, 5'-GTACTCTCATCACCCATACG; RV-CTT1, 5'-GGAGTACCT
CTATCACCAAAC; FW-HSP12, 5'-GTCTGACGCAGGTAGAAAAGG; RV-
HSP12, 5'-CTTCTTGGTTGGGTCTTCTTC; FW-PGM2, 5'-CTAAAGGTGC
CACTCTTGTTG; and RV-PGM2, 5'-ATAGCCTTACCGTATGGTCC.

PCR products were labeled with [a-*?P]dCTP by random priming (Amersham
Megaprime DNA labeling systems).

Pre-tRNAs were analyzed as described previously (32) from 20 pg of total
RNAs and using the following oligonucleotides: U4, 5'-CCATGAGGAGACG
GTCTGG; pre-tRNA Leu, 5'-CCAAACAACCACTTATTTGTTGA; and pre-
tRNA Ileu, 5'-GGCCTGTTTGAAAGGTCTTTGGCAC.

Oligonucleotides were labeled with [y->*P]ATP and T4 polynucleotide kinase.

Microscopy experiments. Cells were grown to mid-log phase (ODgy = 0.2 to
0.3) before being treated or not with H,O, (0.1 to 0.8 mM), NaCl (0.5 M), and
rapamycin (0.5 pg - ml~') for 10 min. For Msn2-GFP observations with a pde2A
strain, cells were pretreated or not with 3 mM of cAMP for 30 min at 30°C prior
to being treated as described above.

For Msn2-GFP and Msn4-GFP fluorescence microscopy, cells were harvested and
fixed by adding 1 volume of 7.4% formaldehyde in phosphate-buffered saline (PBS)
(1X). After a 2-min incubation at room temperature (RT), cells were washed with
cold PBS (1X), kept on ice for 5 min, and washed once more with cold PBS (1X).
Nuclei were stained by addition of 2 pg - ml™! of 4',6'-diamidino-2-phenylindole
(DAPI) before microscopy observations using a Leica Dmrxa upright fluorescence
microscope (100X, NA1.3 PL-fluotar objective) and a charge-coupled-device cam-
era (Micromax 1300Y/HS; Roper Scientific). Quantitative data were obtained by
analysis of at least 400 individual cells during three independent experiments.

For Mafl immunofluorescence microscopy, cells were harvested and formalde-
hyde (3.7% final) was added for 15 min at RT. Cells were collected by centrifugation
and washed twice with KP-sorbitol buffer (1.2 M sorbitol, 50 mM KPO, pH 6.5, 0.5
mM MgCL,). Spheroplasts were obtained by incubating the cells for 30 min at 37°C
in KP-sorbitol buffer containing 0.2 mg - ml~! of Zymolyase 100T and 28 mM of
2-mercaptoethanol. Spheroplasts were collected by gentle centrifugation and washed
once with PBS (1X)-1% fish gelatin, twice with PBS (1X)-1% fish gelatin—0.1%
Triton X-100, and once with PBS (1X)-1% fish gelatin. Spheroplasts were incubated
for 1 h at RT with anti-Maf1 antibodies (dilution 1/100) (33) in PBS (1X)-1% fish
gelatin. After washes (as described above), spheroplasts were incubated for 1 h at
RT with anti-rabbit immunoglobulin G Alexa 594 (dilution 1/100) in PBS (1X)-1%
fish gelatin. After washes (as above), nuclei were stained by addition of 0.5 pug - ml~!
of DAPI before observations using a Leica Dmrxa upright fluorescence microscope
(100x; NA1.3 PL-fluotar objective) and a charge-coupled-device camera (Micromax
1300Y/HS; Roper Scientific).

Protein analyses. Analyses of Mafl phosphorylations were performed by so-
dium dodecyl sulfate (SDS)-PAGE using a specific ratio of acrylamide/bisacryl-
amide (33.5/0.3) and by Western blotting using polyclonal anti-Mafl antibodies
as described previously (33).

For Mafl-Myc immunoprecipitation, MW671-Cmyc cells were grown in
CASA medium to mid-log phase (ODg, = 0.2 to 0.3) prior to being treated or
not with H,O, (0.8 mM), rapamycin (0.5 pg-ml™'), or chlorpromazine
(250 uM). Cells were harvested by centrifugation after a 30-min incubation (see
Fig. 4B) or at the indicated time for the H,O, time course experiment (see Fig.
4C) and stored at —80°C. Cells were resuspended in 500 pl of immunoprecipi-
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FIG. 1. Induction of Msn2/4-dependent proteins requires cytoplasmic thioredoxins under H,O, treatment. (A) Exponentially growing WT
(YPH98) and #rxIA trx2A mutant cells were treated (+) or not (—) with 0.6 mM H,O, for 15 min before being labeled with [**S]methionine and
analyzed by quantitative two-dimensional gel electrophoresis. The local areas of gel autoradiograms are displayed, and a summary of the
quantification is presented as histograms (count of radioactivity measured for each spot [arbitrary units] normalized with Actl signals). Arrows
indicate Trrl, Pgm2, and Cttl protein spots. (B) Total RNAs were extracted from WT (YPH98) and #x/A #rx2A mutant cells treated with H,O,
(0.6 mM) for different periods of time, as indicated. HSPI12, PGM2, and CTT1I transcript levels were monitored in a Northern blot experiment

(ACT1 mRNA was used as the standard).

tation buffer (50 mM HEPES [pH 7.5], 1 mM EDTA, 1 mM dithiothreitol, 10%
glycerol, 100 mM NaCl, 0.05% NP-40, protease inhibitors [Complete; Roche],
and Phosphatase inhibitors [Cocktail 2; Sigma]) and disrupted by vigorous vor-
texing (30 min, 4°C) in the presence of 200 pl of glass beads (425- to 600wm;
Sigma). After centrifugation (14,000 rpm, 15 min, 4°C), the supernatants were
incubated for 2 h at 4°C with monoclonal anti-Myc antibodies (9E10; Santa Cruz)
coupled to Dynal PanMouse immunoglobulin G magnetic beads (Dynal Bio-
tech). The beads were extensively washed with immunoprecipitation buffer, re-
suspended in 60 pl of Laemmli buffer (1X), and incubated at 90°C for 10 min.
Fifteen pl of the samples were analyzed by SDS-PAGE using a standard ratio of
acrylamide/bisacrylamide (20/0.53), and the Mafl protein was revealed by West-
ern blot analyses using monoclonal anti-phospho-PKA substrate antibodies (Cell
Signaling). The amount of immunoprecipitated Mafl was monitored with anti-
Mafl antibodies (33). The same membrane was used for both measurements,
since the signal arising from anti-Maf1 antibodies is far stronger than the signal
arising from anti-phospho-PKA substrate antibodies. As a control, the amount of
immunoprecipitated Mafl was also monitored with anti-Mafl antibodies incu-
bated with independent membranes.

RESULTS

Cytoplasmic thioredoxins are required for Msn2/4 response
to H,0,. Using [>*S]methionine pulse-labeling and quantita-
tive two-dimensional gel electrophoresis, we monitored the
protein neosynthesis in a wild-type (WT) strain and in a strain
lacking both cytoplasmic thioredoxins (#xIA tx2A) during the
response to H,O, treatment. WT cells treated with H,O, dis-
played an increase in the synthesis rate of proteins required for
the oxidative and general stress responses, as seen in previous
studies (18, 21, 26). In particular, typical targets of the Yapl
transcription factor, such as thioredoxin reductase (Trrl) and
cytochrome ¢ peroxidase (Ccpl), were highly induced (8- and
6-fold, respectively) (Fig. 1A). Targets of the Msn2/4 transcrip-
tion factor, such as cytosolic catalase (Cttl), Pgm?2, and Hsp12,
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were also highly induced (34-, 14-, and 13-fold, respectively)
(Fig. 1A). Proteome analysis of #rxIA rx2A cells revealed two
main differences. First, Yapl-regulated proteins had a higher
basal synthesis rate but were still further induced by H,O,
(fivefold for Trrl and fourfold for Ccpl), as described previ-
ously and in keeping with the Yapl constitutive activation
resulting from inactivation of the thioredoxin pathway (7, 22).
Second, and more importantly, fzxIA trx2A cells failed to in-
crease the synthesis rate of Msn2/4-regulated proteins (no in-
duction for Cttl and three- and twofold for Pgm2 and Hsp12,
respectively), suggesting that thioredoxins are required for
proper activation of Msn2/4 by H,O,. Northern blot experi-
ments confirmed these observations at the transcriptional
level. Whereas WT cells displayed a dramatic increase in the
mRNA level of HSPI2 and to a lesser extent of PGM2 and
CTTI during the response to H,O, treatment, trxI A trx2A cells
were severely impaired for the transcriptional induction of
these genes (Fig. 1B).

H,0,-induced Msn2/4 nuclear localization is impaired in
thioredoxin mutants. Although the nuclear accumulation of
Msn2/4 is not sufficient to alone explain the regulation of its
activity (10), this process represents a crucial control level of
Msn2/4 activation. We thus examined the subcellular localiza-
tion of Msn2 using a GFP fusion protein. In both the WT and
trxI A trx2A strains, GFP staining had a diffuse cellular pattern
in the absence of stress (Fig. 2A). Exposure of WT cells to
H,O0, led to a dose-dependent nuclear GFP staining. At a low
concentration of H,O, (0.1 mM), GFP nuclear staining was
observed in 21% of the cells (Fig. 2A). This proportion in-
creased gradually with higher H,O, concentrations and
reached a plateau at 0.8 mM H,O,, where about 50% of the
cells displayed GFP nuclear staining (Fig. 2A). In contrast,
exposure of rxIA trx2A cells to H,O, did not modify GFP
staining, which remained diffuse, even at elevated H,O, con-
centrations (Fig. 2A). We also tested the Msn2-GFP response
to other stressors known to trigger the nuclear accumulation of
Msn2 and the activation of the ESR gene cluster. In both WT
and frxl A trx2A strains, Msn2 accumulated in the nucleus un-
der different stress conditions, such as NaCl (0.5 M) (Fig. 2A),
ethanol (7%), and tBOOH (0.5 mM) (data not shown), sug-
gesting that the defective Msn2 response in the trx/A trx2A
strain is specific to H,O,.

We examined the localization of Msn4, which is structurally
related to Msn2 (32% identity and 46% similarity) but differ-
entially regulated in response to various stress conditions (15).
As seen with Msn2, upon exposure to a low dose of H,O,
(0.1 mM), Msn4 went from a diffuse cellular localization in
unstressed cells to a nuclear localization in 22% of the WT
cells but not in #rxIA #rx2A cells, in which it remained in the
cytoplasm (Fig. 2B).

In summary, the nuclear accumulation of Msn2 and Msn4
triggered by H,O, but not by other environmental stressors is
defective in cells lacking cytoplasmic thioredoxins.

Inactivation of thioredoxin reductase improves Msn2 re-
sponse to H,0,. To further understand the thioredoxin re-
quirement in Msn2/4 activation, we explored the other com-
ponents of this pathway. Thioredoxins are themselves reduced
by thioredoxin reductase with protons donated by NADPH.
Moreover, thioredoxins use as one of their main substrates the
peroxiredoxins, which are enzymes that catalytically reduce
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FIG. 2. In response to H,0,, Msn2-GFP and Msn4-GFP nuclear
accumulations require cytoplasmic thioredoxins. (A) WT (YPHO9S8)
and #xIA trx2A mutant cells expressing an Msn2-GFP fusion protein
were grown to exponential phase before being incubated, or not (Ctrl),
under stress conditions for 10 min (0.1 mM or 0.8 mM H,O, or 0.5 M
NaCl, as indicated). Msn2-GFP subcellular localization (Msn2-GFP)
and the position of the cell nucleus (DAPI) were assessed by fluores-
cence microscopy. (B) WT (YPHO8) and #xIA #x2A mutant cells
expressing an Msn4-GFP fusion protein were grown to exponential
phase before being incubated, or not (Ctrl), under H,O, conditions for
10 min (0.1 mM). Msn4-GFP subcellular localization was assessed by
fluorescence microscopy. (C) WT (YPHOS), trxIA trx2A, trrl A, trxIA
trx2A trrl A, and tsalA cells expressing an Msn2-GFP fusion protein
were grown to exponential phase before being incubated with 0.1 mM
H,O, for 10 min. Proportions of cells displaying a nuclear Msn2-GFP
accumulation were monitored by fluorescence microscopy. The given
percentages result from an observation of around 400 individual cells
per mutant and from three independent experiments. Error bars rep-
resent standard deviations.
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intracellular peroxides (13). We thus examined the Msn2 re-
sponse to H,O, in strains lacking either cytoplasmic thiore-
doxin reductase (zrr1A) or Tsal (tsalA), one of the most abun-
dant of the five peroxiredoxins and one of the three
peroxiredoxins having a cytoplasmic subcellular localization.
Interestingly, in the #r71A strain, Msn2 still accumulated in the
nucleus in response to low doses of H,O,. Furthermore, this
response was even more potent than that of the WT strain,
with a higher proportion (34%) of H,O,-treated cells carrying
GFP nuclear staining (Fig. 2C). This potent Msn2 response of
the #rr] A strain was almost totally abolished (3% of cells with
GFP nuclear staining) upon further removal of TRX! and
TRX2 (trrlA trxIA trx2A) (Fig. 2C). Finally, lack of Tsal also
abolished the Msn2 response to H,O, (5% of GFP-stained
cells) (Fig. 2C).

These results reveal a dedicated role of the thioredoxin
pathway in relaying the H,O, signal to Msn2. Furthermore, the
opposite effects of the deletion of each of the components of
this pathway in the subcellular redistribution of Msn2 by H,O,
suggest that the primary effector in the activation of Msn2
nuclear accumulation is the oxidized form of the thioredoxins
(see Discussion). Therefore, one can picture a simple mecha-
nism in which oxidized thioredoxins trigger Msn2 nuclear lo-
calization through a direct redox interaction. This hypothesis
requires the presence of at least one redox cysteine residue
within the sequence of the transcription factor. Interestingly,
the sequence of a truncated Msn2 mutant (amino acids 257 to
642) which still resumes the behavior of the full-length protein
in response of a wide variety of stresses (14), including H,O,
(our observations), contains a unique cysteine. We mutated
this cysteine residue into an alanine (C395A) and assessed the
subcellular localization of the Msn2-GFP mutant. Like the
full-length Msn2 protein, this mutated form of truncated Msn2
displayed a thioredoxin-dependent nuclear accumulation in
response to H,O, (data not shown), making the possibility of
a direct modification of Msn2 by thioredoxins in their oxidized
form unlikely.

Mafl response to H,O, requires thioredoxins. The tran-
scriptional repressor Mafl is required to achieve the down-
regulation of RNA polymerase III activity under H,O, treat-
ment (8). Because Mafl appears to share common regulatory
and physiological features with Msn2/4 (see the introduction),
we asked whether the lack of the two cytoplasmic thioredoxins
could also impair Mafl nuclear accumulation under H,O,
treatment. Using Mafl-specific immunofluorescence staining
(Fig. 3A), we found that Mafl displays a diffuse cellular local-
ization in exponentially growing WT cells, with a few cells
exhibiting a very weak nuclear accumulation, as previously
reported (33, 45). Mafl redistributed from a diffuse cellular
localization to a nuclear accumulation upon treatment with
rapamycin (0.5 pg-ml~ '), as previously reported (33), or
NaCl (0.5 M). Similarly, Mafl redistributed in the nucleus
upon treatment with H,O, (0.8 mM) in about 40% of WT cells
(Fig. 3A). However, Mafl nuclear accumulation was totally
impaired in trxI A trx2A cells upon exposure to H,O, but not to
other stress conditions. Thus, as for Msn2/4, cytoplasmic thio-
redoxins are required for Mafl-specific nuclear accumulation
under H,O, treatment.

Yeast cells devoid of functional Mafl are characterized by a
defect in the downregulation of RNA polymerase III transcrip-
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FIG. 3. Absence of cytoplasmic thioredoxins impairs Mafl activa-
tion in response to H,O,. (A) WT (YPH98) and #rxIA #rx2A mutant
cells were grown to exponential phase before being incubated, or not
(Ctrl), with H,O, (0.8 mM), NaCl (0.5 M), or rapamycin (0.5
pg - ml~") (Rap) for 10 min. Mafl subcellular localization was as-
sessed by immunofluorescence microscopy using a polyclonal anti-
Maf1 antibody. (B) Total RNAs were extracted from WT (YPH98) or
trxl A trx2A mutant cells treated with H,O, (0.8 mM) for different
periods of time, as indicated. The levels of precursor tRNA Leu and
tRNA Ileu were monitored by a Northern blot experiment (U4 snRNA
was used as the standard).

pre-Leu

pre-lleu —

tion under adverse growth conditions (for a review, see refer-
ence 48). Therefore, we compared the regulation of RNA
polymerase III transcriptional activity in WT and #x/A rx2A
cells as illustrated by the level of the neosynthesized precursor
tRNAs (45, 47). Northern blot experiments revealed that un-
der H,O, treatment, the decrease in the precursor tRNA Leu
and tRNA Ileu levels is significantly affected in frx] A trx2A cells
compared to WT cells (Fig. 3B). This result is consistent with
the abnormal localization of Mafl in #xIA #x2A cells upon
exposure to H,O, and confirms that cytoplasmic thioredoxins
are required for a proper Mafl activation under H,O, treat-
ment.

The PKA pathway does not mediate Msn2/4 and Mafl re-
sponses to H,0,. Several reports have established a link be-
tween the decrease in PKA activity under stress conditions and
the nuclear accumulation of Msn2/4 (3, 14, 19, 23, 42) and
Mafl (30, 48). We thus sought to determine whether H,O,
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FIG. 4. The level of PKA phosphorylation does not decrease under
H,0, conditions. (A) pde2A mutant expressing an Msn2-GFP fusion
protein was grown to exponential phase, and cAMP (3 mM) was added
or not to the culture for 30 min. Cells were either harvested without
supplemental treatment (Ctrl) or incubated for 10 min with H,O,
(0.8 mM) or NaCl (0.5 M), as indicated. Msn2-GFP subcellular local-
ization was assessed by fluorescence microscopy, and Maf1 subcellular
localization was assessed by immunofluorescence (IF) microscopy us-
ing a polyclonal anti-Mafl antibody. (B) Cells carrying Myc-tagged
Mafl were grown to exponential phase in the absence of stress before
being incubated, or not (Ctrl), for 30 min with H,O, (0.8 mM), rapa-
mycin (0.5 pg - ml™') (Rap), or chlorpromazine (0.25 mM) (CPZ).
Maf1-Myc was immunoprecipitated, and the level of phosphorylation
of the PKA consensus sites was revealed by Western blotting using a
monoclonal anti-phosphoPKA antibody (a-phosphoPKA). As a con-
trol, the amount of immunoprecipitated Maf1-Myc was monitored on
the same membrane using polyclonal anti-Mafl antibodies (a-Mafl).
(C) Cells carrying Myc-tagged Maf1l were grown to exponential phase
in the absence of stress before being submitted to H,O, treatment
(0.8 mM) and harvested after different periods of time, as indicated.
The phosphorylation level of the PKA consensus sites was monitored
as for panel B.

activation of these regulators involved the PKA pathway. To
this purpose, we used a strain lacking the high-affinity cAMP
phosphodiesterase gene PDE2. Exposure of this mutant strain
to exogenous cAMP allows maintenance of a high PKA activ-
ity. As in the WT strain, in the pde2A strain in the absence of
added cAMP, Msn2-GFP, and Mafl redistributed into the
nucleus in response to both H,0O, (0.8 mM) and NaCl (0.5 M)
(Fig. 4A). Of note for the pde2A strain, the Msn2 response to
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H,O, was even more potent than the one seen in the WT, since
more than 95% of the cells displayed a GFP nuclear staining
after H,O, treatment. In the presence of cAMP (3 mM), the
NaCl-induced Msn2-GFP nuclear redistribution was totally
impaired, as previously shown (20), and a similar result was
obtained with Mafl (Fig. 4A). Surprisingly, in the presence of
cAMP, H,O,-induced nuclear redistribution of both Msn2-
GFP and Mafl was maintained. This last result strongly sug-
gests that an elevated PKA activity does not predominantly
impact the subcellular localization of both Msn2 and Mafl
under H,O, treatment.

We also examined the phosphorylation status of Mafl by
Western blotting using an anti-PKA phospho-substrate anti-
body that specifically recognizes the phosphorylated PKA con-
sensus sites RRXpS/pT of Mafl sequence (30). Here we used
WT cells carrying a Myc-tagged version of Mafl and moni-
tored Mafl phosphorylation after immunoprecipitation of the
protein with an anti-Myc antibody. In untreated cells, Mafl
appeared PKA phosphorylated, whereas in cells treated with
rapamycin (0.5 pg - ml~ ") or with chlorpromazine (0.25 mM),
phosphorylation significantly decreased (Fig. 4B), as previously
reported (30). However, H,O, treatment (0.8 mM) did not
alter Mafl phosphorylation, since the signal even increased
after 20 min of H,O, treatment (Fig. 4B and C). Under these
conditions, the level of immunoprecipitated Mafl remained
constant, as shown by Western blot analysis using a specific
anti-Mafl antibody. This result indicates that the PKA phos-
phorylation status of Mafl does not have a predominant im-
pact on the control of Mafl nuclear accumulation in the re-
sponse to H,0..

Altogether, we conclude that in response to H,O,, the reg-
ulation of cAMP-PKA system activity is not a key player in the
control of Msn2 and Mafl nuclear accumulation. This rein-
forces the idea that the response to H,O, has regulatory fea-
tures that are unique from those for other stress conditions.

Thioredoxins are essential for Mafl dephosphorylation un-
der H,O, conditions. The regulation of Mafl and Msn2/4
activation is a complex process resulting from an antagonism
between kinase and phosphatase activities. In addition to that
of PKA, other, undefined kinase activities are likely to be
involved in the process of Mafl nuclear accumulation, depend-
ing of the nature of the stress (6, 45). It was thus important to
explore the impact of H,O, on the Mafl and Msn2 phosphor-
ylation pattern. Since we did not observe any difference in
Msn2 electrophoretic mobility using different experimental
procedures, we took advantage of the fact that Mafl has been
described to resolve in three main bands under particular SDS-
PAGE conditions (Fig. 5A, time zero), with the two upper
bands corresponding to hyperphosphorylated forms of the pro-
tein and the lower one to the hypophosphorylated form (30, 33,
37). Using these experimental procedures, we observed that
addition of H,0O, (0.8 mM) and NaCl (0.5 M) led to a rapid
accumulation of the Mafl hypophosphorylated form in WT
cells (Fig. 5A). These results are consistent with previous ob-
servations reported for other stress conditions leading to Mafl
nuclear accumulation (6, 30, 33, 37). We believe that the dif-
ference between the Mafl phosphorylation patterns under
H,O, or NaCl treatment reflects the variation of the cell pro-
portion exhibiting a clear Mafl nuclear accumulation (i.e.,
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FIG. 5. PP2A-dependent dephosphorylation of Mafl is specifically
impaired in txIA trx2A cells under H,O, treatment. (A) WT (YPH9S)
cells were grown to exponential phase and were submitted to H,O,
(0.8 mM) treatment for different periods of time or to NaCl (0.5 M)
treatment for 10 min. The Mafl phosphorylation state was analyzed by
Western blotting using a polyclonal anti-Mafl antibody. The positions
of the two upper bands, corresponding to hyperphosphorylated Mafl,
and the lower band, corresponding to hypophosphorylated Mafl, are
indicated. (B) pph2IA pph3A pph22-172 (DEY217, pp2aA) and iso-
genic WT (AY925, WT) cells expressing an Msn2-GFP fusion protein
were grown to exponential phase at 24°C before being harvested in the
absence of stress (Ctrl) or after a 10-min H,O, (0.8 mM) treatment.
Msn2-GFP subcellular localization (Msn2-GFP, upper panel) was as-
sessed by fluorescence microscopy, whereas Mafl subcellular localiza-
tion (lower panel) was assessed by immunofluorescence microscopy
(IF) using a polyclonal anti-Maf1 antibody. The cell nuclei were local-
ized by DAPI staining. (C) pph2IA pph3A pph22-172 (DEY217,
pp2aA) cells were grown to exponential phase at 24°C and submitted,
or not (Ctrl), to H,0, (0.8 mM) or NaCl (0.5 M) treatment for 10 min
before being harvested. Mafl phosphorylation states were monitored
as for panel A. (D) The Mafl phosphorylation state was monitored in
trxI A tre2A mutant cells as described for panel A.
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40% under H,O, treatment and more than 80% under NaCl
treatment).

It has been proposed that PP2A activity is essential for Maf1
dephosphorylation and nuclear accumulation in response to
rapamycin treatment (33). We used a triple mutant strain
(pph21A pph3A pph22-172), previously shown to be defective
for PP2A catalytic activity (11), to test the role of this phos-
phatase in Msn2 and Mafl nuclear accumulation during the
response to H,O, (0.8 mM). As shown in Fig. 5B, Mafl nu-
clear accumulation was totally abolished under H,O, treat-
ment in the triple mutant strain. This observation correlated
with Mafl remaining fully phosphorylated in the pph2IA
pph3A pph22-172 strain during both H,O, and NaCl treatment
(Fig. 5C). Interestingly, the presence of the triple mutation
pph21A pph3A pph22-172 did not affect Msn2-GFP nuclear
accumulation during the H,O, treatment (Fig. 5B). This shows
that in response to H,O,, nuclear localization of Msn2 and that
of Mafl are mediated by different phosphatases.

In trxIA tix2A cells, the Mafl phosphorylation pattern did
not change significantly with the presence of H,O, (Fig. 5D),
demonstrating that the absence of the two cytoplasmic thiore-
doxins impairs the control of the Mafl phosphorylation state.
Under saline stress (NaCl, 0.5 M), tzxIA trx2A cells still accu-
mulated the hypophosphorylated form of Mafl (Fig. 5D),
which indicates that at the molecular level, the defect of Mafl
dephosphorylation in #xIA #x2A cells is also restricted to
H,0, stress conditions.

Altogether, these results demonstrate that the presence of
H,O, impacts Mafl phosphorylation in a PP2A-dependent
manner, which is not the case for Msn2. Thus, if H,O, sensing
requires the presence of the cytoplasmic thioredoxins for both
Mafl and Msn2, the pathways leading to their nuclear accu-
mulation appear to be different.

DISCUSSION

In this study, we showed that the lack of the two cytoplasmic
thioredoxins impairs the nuclear accumulation of two tran-
scriptional regulators, Msn2/4 and Mafl, specifically under
H,O, treatment. The data indicate that during the response to
H,O,, the modulation of PKA activity does not have a pre-
vailing role in controlling the nuclear redistribution of both
transcriptional effectors. We also show that the presence of the
cytoplasmic thioredoxins is required for Mafl PP2A-depen-
dent dephosphorylation, leading to its nuclear accumulation,
whereas a different mechanism seems to apply to Msn2, which
still responds to H,O, in the absence of PP2A activity.

Under oxidative stress conditions, cell viability requires the
transcriptional activation of many genes that have protective
roles. This includes both specific oxidative stress genes and a
common set of genes involved in the general response to stress.
The latter group is part of the ESR cluster and is mainly
regulated by the Msn2/4 transcription factors. Our observa-
tions provide several lines of evidence highlighting the role of
the yeast cytoplasmic thioredoxins in the activation of the gen-
eral response to H,O,. We found that in a yeast strain lacking
the two genes encoding the cytoplasmic thioredoxins (frxlA
and #x2A), the transcriptional induction of Msn2/4 target
genes and the increased neosynthesis of the corresponding
proteins were nearly abolished (Fig. 1). The specific require-
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FIG. 6. A working model of the thioredoxin signaling pathway.
Accordingly to a model proposed by Ross and colleagues (38), in the
course of H,0, detoxification by the thioredoxin peroxidase Tsal, the
cytoplasmic thioredoxin Trx2 is oxidized. Our results demonstrate that
the cytoplasmic thioredoxins are specifically required to trigger the
nuclear localization of Msn2/4 and Mafl, effectors of the general
response to stress, in the presence of H,O,. The signaling pathways,
which appear to be different for each transcription factor, do not
require a downregulation of the PKA activity. In addition, Mafl nu-
clear accumulation correlates with the PP2A-depend accumulation of
the hypophosphorylated form of the protein. “X” is an unknown phos-
phatase, which is required for Msn2/4 dephosphorylation and nuclear
accumulation.

ment of cytoplasmic thioredoxins for signaling the presence of
H,O, was confirmed by monitoring the subcellular localization
of Msn2/4 (Fig. 2), expressed as GFP fusion proteins under the
control of the strong ADHI promoter, and Mafl (Fig. 3),
expressed at its native chromosomal locus.

It is noticeable that in contrast to other stress responses, the
nuclear localization of Msn2 and Mafl occurred in only a
fraction of the population. The limited proportion of appar-
ently responsive cells could reflect either that the H,O, signal-
ing pathway is less efficient than others in the general response
to stress or that the cells display different sensitivities to this
environmental condition. It is also possible that this heteroge-
neity reflects the dynamic behavior of the transcription factors,
as recently reported for Msn2 (14, 23, 29). Indeed, upon par-
ticular stress conditions, Msn2 oscillates between the cyto-
plasm and the nucleus. Thus, when the population is fixed by
formaldehyde for observation, it is expected that Msn2 will
accumulate in the nucleus in only a portion of the cells.

One of the main questions raised by the thioredoxin-depen-
dent H,O, signaling is how the H,O, signal goes to and from
thioredoxins. Our Msn2-GFP experiments with different thio-
redoxin pathway mutants provide some interesting clues about
the initial mechanisms. The amount of cells displaying a nu-
clear accumulation of Msn2-GFP in response to H,O, treat-
ment is higher for a #r71 A strain than for a WT strain (Fig. 2C).
On the contrary, we observed a very low proportion of cells
exhibiting a nuclear GFP staining in a tsa/A strain. In accor-
dance with the role of peroxidase reduction through the thio-
redoxin pathway (Fig. 6), a #r71A strain accumulates oxidized
thioredoxins in the presence of H,O, (46), whereas thioredox-
ins are likely to be less oxidized in a fsalA strain under the
same conditions. Based on these results, we suggest a model in
which the thioredoxins, in their oxidized form, are essential for
signaling the presence of H,O, to the effectors of the general
stress response (Fig. 6). In this working model, cytoplasmic
thioredoxins, which are involved in H,O, detoxification, are
also required for driving the general response to stress in the
presence of H,O,. Thus, the global yeast response to stress
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induced by H,O, is essentially activated by two highly sensitive
peroxidases, Orpl/Gpx3 and Tsal, directly oxidized by H,O,.
Orpl activates the Yapl transcription factor through a direct
redox interaction, leading to the transcription of genes specif-
ically dedicated to the H,O, stress response (43). Similarly,
through a direct redox interaction, Tsal activates the cytoplas-
mic thioredoxins (Fig. 6), which are required to set up the
general response to stress. This response is characterized by
the repression of growth-related processes and the induction of
cellular protection mechanisms, as illustrated respectively by
the nuclear accumulation of Mafl and Msn2/4. How the H,O,
signal is transmitted from the oxidized thioredoxins to the
transcriptional effectors remains to be determined.

Under optimal growth conditions, Msn2 and Mafl are phos-
phorylated in vivo, and it is now well established that their
nuclear accumulation correlates tightly with modifications of
their phosphorylation states. Our observations strongly suggest
that at least in the case of Mafl, the H,O, redox signal leads
to the modification of the phosphorylation/dephosphorylation
ratio. It could be speculated that thioredoxins would impact
the cCAMP/PKA pathway, inducing Msn2/4 and Mafl nuclear
accumulation through a decrease in PKA activity. Indeed, in-
dependent studies clearly established a link between the inhi-
bition of PKA activity and the nuclear localization of Msn2/4
(2, 15, 19, 20, 42) and Mafl (for a review, see reference 48).
Furthermore, Mafl and Msn2 are substrates of PKA (4). In
this framework, our results on PKA activity during the H,O,
response are striking. We observed that addition of cCAMP in
the culture medium of pde2A cells had no impact on the nu-
clear accumulation of Msn2-GFP and Maf1l during H,O, treat-
ment (Fig. 4A). In addition, the phosphorylation level of the
PKA-consensus sites increased significantly when monitored
on immunoprecipitated Mafl after 30 min of H,O, treatment
(Fig. 4C). From these results, we conclude that the ESR re-
sponse to H,O, is not mediated by an inhibition of PKA
activity, highlighting the particular regulatory features of the
response to H,O, compared to other stress conditions.

Our observations showing the rapid accumulation of nuclear
Mafl (Fig. 3) and a hypophosphorylated form of Mafl (Fig.
5A) while PKA activity remained elevated suggest the involve-
ment of another kinase. We thus propose that through thiore-
doxins, the presence of H,O, leads to the inhibition of at least
one other, still-unknown protein kinase activity. Interestingly,
upon the transition from glucose to a nonfermentable carbon
source, Ciesla and coworkers have also implicated another
uncharacterized protein kinase activity, since an altered level
of PKA activity affects neither the pattern of Mafl phosphory-
lation nor its nuclear accumulation (6).

An alternative, and nonexclusive, hypothesis would be that
H,0, leads to the activation of a phosphatase activity. Indeed,
the dephosphorylation step is the crucial event for the nuclear
accumulation of these factors. In the case of Msn2, it has been
shown that different phosphatase activities control its nuclear
accumulation (24, 39). In particular, upon glucose depletion,
the protein phosphatase 1 (PP1) is the direct antagonist of
PKA-dependent phosphorylation (9), whereas the PP2A activ-
ity was also implicated in the light-induced oscillation of Msn2
(14).

In this report we focus on the Mafl negative regulator, for
which nuclear accumulation depends upon PP2A phosphatase
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activity under rapamycin treatment (33). We monitored a clear
correlation between Mafl nuclear accumulation and its de-
phosphorylation: in the absence of cytoplasmic thioredoxins,
Mafl remains cytoplasmic and its dephosphorylation is im-
paired. Furthermore, we identify PP2A as the phosphatase
responsible for Mafl dephosphorylation in the presence of
H,O,. Thus, the PP2A phosphatase appears as a key player in
the control of Maf1 nuclear import, since its activity is required
in response to rapamycin (33), NaCl, and H,O, (Fig. 5C). In
this respect, our study describes a major difference in the
regulation of Msn2 and Mafl nuclear accumulation, since the
H,O, response of Msn2 is not affected by the lack of the PP2A
phosphatase. Since Msn2 nuclear accumulation very likely re-
quires a dephosphorylation step, this means that an additional
phosphatase activity remains to be identified. Thus, the scheme
in Fig. 6 indicates that parts of the H,O, signaling pathway
share a common route through the thioredoxin system and
then diverge to activate Msn2 and Mafl, which are transcrip-
tion factors of the general response to stress and the final
integrators of these pathways.
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